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a  b  s  t  r  a  c  t
The  performances  of  three  different  Raman  spectrometers  were  compared  and  evaluated  as  a suitable  tool
for  the  analysis  of  a range  of uranium  compounds  with  a view  to application  in  nuclear forensics.  These
included  uranium  ore  concentrates  of different  chemical  composition  and uranium  dioxide  in the form
of powder  and  sintered  fuel pellet.  The  three  spectrometers  are  termed  as  ‘portable’  or  ‘hand-held’  from
Ahura  Scientiﬁc  (785  nm),  ‘Senterra’  from  Bruker  (532  and  785  nm),  ‘T64000′ from  HORIBA  Jobin Yvon
(488.0,  514.5,  647.1 and  752.5  nm).  Figures  of merit  such  as  sensitivity,  signal-to-noise  ratio  and  detection
capability  were  compared.  The  portable  Raman  displayed  fairly  good  sensitivity  and  process  related
impurities  could  be detected  despite  the  miniaturisation  but  it was  unable  to measure  darkly  coloured
powders  such  as calcined  ore  concentrates  or uranium  dioxide  powder.  The  bench-top  spectrometer
Senterra  had  the  best  sensitivity  for all the  seven  measured  uranium  compounds  and  the best  signal-to-
noise  ratio  for  six  of the  compounds.  Laboratory  T64000  had the  best  resolution  and  at  the  same  time
resulting  in  the  poorest  sensitivity  among  the  three  spectrometers  for all compounds  measured.  However,
T64000  has  very  low  level  of  noise  therefore  leading  to  better  signal-to-noise  that  were  comparable,  if
not  better  than  the  portable  or Senterra.  All industrial  compounds  measured  in  this  study  could  not  be
measured  with  higher  frequency  laser  thus  impeding  the  observation  of  N–H  or O–H vibration  bands,  of
which  the  latter  could  be  observed  with  laboratory  synthesized  material.. Introduction
Raman spectroscopy utilizes the phenomenon of inelastic light
cattering to obtain information on molecular structure based on
olecular vibrations [1]. It is a mostly non-destructive material
nvestigation technique. In addition, it is versatile as it can be
pplied to solids, liquids, gases, solutions and also in some cases, to
he analysis of low-concentration impurities without any particu-
ar sample preparation procedure or the need for large amounts of
aterial. Being an optical characterisation technique, it is moreover
 ‘remote’ one, because no direct contact between the measuring
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device (the spectrometer) and the sample is required. Therefore
for hazardous material, the contact between the operator and the
sample can be minimised [2].
Thanks to these features, Raman spectroscopy is a remarkably
good method for the detection and analysis of radioactive mate-
rials [3–7]. In particular, this technique has been recently proven
to be suitable for nuclear forensic applications [8]. Nuclear foren-
sics or nuclear forensic science is a relatively young discipline that
emerged as a result of illicit trafﬁcking of radioactive or nuclear
materials that saw its occurrence since the beginning of 1990s.
Apart from the understanding of the nature of material, nuclear
forensics aims to answer the following questions such as ‘Where’
or ‘Who’, ‘How’ or ‘What’. Where is the origin of the material or
who was the last legal owner? How did it go missing or what was
the intended use [9–12]?In this context, it is thus useful to compare different types of
Raman spectrometers and identify the peculiar features that make
them suited for the investigation of various compounds of interest
in nuclear forensics.
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The use of Raman spectroscopy in the measurement of uranium
ompounds has been demonstrated by several authors [13–20]. In
ddition, we have recently highlighted its applicability in the ﬁeld
f nuclear forensics whereby process-related impurities present
n uranium ore concentrates (UOCs) or colloquially termed as yel-
ow cakes, could provide additional clues to determine the origin
f the material in the event of illicit trafﬁcking [8]. UOCs refer
o a particular class of uranium compounds that are produced
n the early stages of the nuclear fuel cycle after the mining
f uranium deposits. Subsequent processing such as puriﬁcation
nd concentration of uranium leads to the formation of uranium
re concentrates [21–23]. The speciﬁc chemical composition of
ach type of UOCs will depend on the precipitating reagents used
ndustrially. Therefore, this gives rise to several types of UOCs
hich include ammonium uranyl carbonate, ammonium diuranate,
odium diuranate, uranyl peroxide, uranyl hydroxide and different
orms of uranium oxides. As such materials are often traded in large
uantities, they might be subjected to diversion or theft. An actual
ase of UOC found in a shipment of scrap metal has been published
ecently [24].
Hereby, we present Raman measurements of yellow cake sam-
les from different geographical origin and chemical composition.
n addition, uranium dioxide in the form of powder and nuclear
uel pellet are also measured. Cases of lost or trafﬁcked nuclear
uel pellets have also been known [10]. The samples are investi-
ated using three rather different Raman spectrometers. HORIBA
obin Yvon’s T64000 is marketed for its long focal distance of 64 cm
hich results in excellent spectral resolution. It is also equipped
ith a confocal microscope/diaphragm system, allowing a ﬁne
urface analysis and a triple monochromator system which can
rovide spectra down to low wavenumbers, as low as 15 cm−1
nd less. In general, such a kind of spectrometer is particularly
uited for advanced applications such as, for example, the in situ
easurement of Raman spectra under extreme conditions (of tem-
erature, pressure and chemical environment). It is used here for
icro-Raman analysis, although it can also be used in a macro-
onﬁguration with poorer spatial resolution. On the other hand,
ruker’s Senterra is representative of a class of Raman setups
here, at the price of a slightly poorer spectral resolution, measure-
ents can be performed in a more straightforward fashion with an
ften higher sensitivity and consequently, faster acquisition. These
re logical effects of the shorter focal distance of the spectrometer
20 cm).
Finally, the miniaturisation of Raman spectrometers has also led
o numerous hand-held/portable applications in the ﬁeld of cul-
ural heritage [25], geology [26], forensics [26] and even homeland
ecurity [2]. Identiﬁcation of hazardous material [2,27], minerals
28,29], controlled substances [30] and art objects [31] can be
chieved with Raman spectrometers. Huge databases of spectra
ffered by commercial companies and the possibility to customise
he library are attractive advantages. These allow comparisons
o be made in real time whenever unknown specimens are ana-
ysed. Various methods could be used as detection algorithms
32]. The third Raman spectrometer employed in the present
tudy is Ahura Scientiﬁc’s FirstDefender|RM, an example of a
and-held device. It has been used in this and in previous stud-
es [8] to analyse for example, an important class of uranium
ompounds.
This investigation highlights the important parameters of the
nstrumentation and/or their performance to meet the goals or
emands in nuclear forensics and safeguards. Parameters such as
ensitivity, signal-to-noise ratio, detection capabilities and analysis
ime are deﬁned, examined and compared for the different setups.
hus, the present work aims at giving general guidelines for the
hoice of a suitable Raman spectrometer in view of nuclear forensic
nalyses.ctroscopy 73 (2014) 102–110 103
2. Experimental
2.1. Instrumentation
A commercially available hand-held Raman instrument termed
as the FirstDefender|RM from Ahura Scientiﬁc® (hereafter referred
to as ‘hand-held’ or ‘portable’) was  used for the measurements
of the uranium ore concentrates and uranium nuclear fuel. The
hand-held Raman calibration is checked periodically by measuring
a polystyrene sample and the spectrum compared to the reference
spectrum [33]. Acquisition times were taken under automatic mode
deﬁned by the instrument. This depends on the signal and back-
ground derived from the sample. The combination of high signal
and low background will yield spectrum in a few seconds.
A bench-top model of Raman spectrometer known as Senterra
from Brukers® (hereafter referred to as ‘Senterra’) was used for
the measurements of the ore concentrates. Measurement with sil-
icon was  done daily prior to measurements. Calibration is done
automatically by the instrument with neon.
A laboratory Raman spectrometer known as T64000 from
HORIBA Jobin Yvon® (used in a single spectrograph conﬁguration;
hereafter referred to as ‘T64000′) was used for the measurements
of the ore concentrates. Calibration of the wavenumbers was  done
daily prior to measurements with a silicon standard.
2.2. Characteristics of the Raman spectrometers
The characteristics of the above mentioned Raman spectrome-
ters that were relevant for this study are highlighted in Table 1
below.
2.2.1. Resolution
The spectral resolution of the three different spectrometers is
deduced from the measurements of a silicon single crystal taken
as a calibration standard reference. The fundamental Raman active
vibration of silicon is well established to occur at 520 ± 0.5 cm−1
[34]. Since the corresponding peak is ideally very narrow, its full
width at half maximum (FWHM) can be considered to be almost
purely instrumental and therefore to correspond at least in a
ﬁrst approximation, to the actual spectral resolution. The portable
Raman has the poorest resolution among the three spectrometers
and its FWHM is 10 cm−1. The FWHM of Senterra and T64000 are
5 and 3.5 cm−1, respectively. These values are comparable to those
reﬂected in Table 1 according to the respective characteristics.
2.2.2. Spectral range
With the exception of the portable Raman, the spectral range
depends on the frequency of the laser and in the case of Senterra,
it depends on the resolution mode of the spectrometer as well.
Although the portable Raman has the shortest spectral range of
250–2850 cm−1, it does provide adequate information for the mea-
surement of ore concentrates. In the case of Senterra, low resolution
mode is also available. Consequently, this results in not only a big-
ger spectral range, but also an improvement in sensitivity. The use
of low resolution mode in Senterra is reviewed in Section 3.2.3. The
spectral ranges for the different lasers of the various spectrometers
are also shown in Table 1.
2.3. Measurement conditions
2.3.1. Choice of laser wavelength
In the case of the portable Raman, only the near infrared exci-
tation laser of 785 nm is incorporated in the device. The same
frequency laser of 785 nm (also denoted as red laser) is also avail-
able in Senterra as well the laser of 532 nm (green laser). In
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Table 1
Characteristics of the three Raman spectrometers.
Characteristics/device Ahura Scientiﬁc (Hand-held) Bruker’s (Senterra) Jobin Yvon (T64000)
Laser wavelength (nm) 785 532
785
488.0
514.5
647.1
752.5
Laser characteristics
(lasing medium)
Diode (continuous) AlGaAs (continuous) Argon or krypton (continuous)
Laser  characteristics
(laser type)
Semi-conductor Semi-conductor Gas ion
Spot  size of laser 0.14–1.8 (mm2) 20× objective
4 × 10−12 (4 m2)
50× objective
4 × 10−12 (4 m2)
Spectral rangea (cm−1) 2875-250 3710–60 (532 nm)
4480–85 (532 nm)b
3320–90 (785 nm)
3820-100 (785 nm)b
>4000
(514.5 nm)
Up to ∼ 3200
(752.5 nm)
Focal  distance of
spectrometer (cm)
1.8 20 64
Numerical aperture
(NA)
0.23 0.40 (20× objective) 0.50 (50× objective)
Power  (mW)  75 (low), 125 (medium)
250 (high)
0.2, 2.0, 5, 10, 20
(532 nm)
1, 10, 25, 50, 100
(785 nm)
Adjustable
(1–1000)
Spectral resolution or
full width half
maximum (FWHM)
(cm−1)
7–10 3–5 (typical)
9–15 (low resolution)
2–4 (single mode)
<1 (triple mode)
Slit  (m) No speciﬁc slit size 50 × 1000 200
Detectors and
operating
temperature (◦C)
Thermo-electrically cooled
CCDc
(−20 to 40 ◦C)
Air cooled CCDc (−50 ◦C) N2 cooled CCDc (−150 ◦C)
Typical  integration
time (s)
Depending on automatic or
manual mode (max 10 s)
Range: 1 to inﬁnity
Typical: 10–50
Range: 1 to inﬁnity
Typical: 10–25
Objectives None 10×,  20×, 40×, 50× 10×,  20×,  50×,  100×
Geometry (◦) 180 180 180
a The response of the detector(s) is not constant throughout the spectral range. In particular, the response of lasers such as 785/752.5 nm and 647.1 nm falls drastically
above  the approximate region of 1500 and 2500 cm−1, respectively.
b Low resolution mode.
T
a
(
U
c
a
h
i
n
5
t
o
t
R
w
d
2
f
p
m
o
r
0
w
tc CCD: Charge-coupled device.
64000, a choice of at least four different wavelengths is avail-
ble from krypton (752.5 and 647.1 nm)  and argon gas ion lasers
514.5 and 488.0 nm). In the measurement of the wide range of
OCs, ﬂuorescence could be observed to varying extent. As these
ompounds present very different compositions (hence different
ppearances and colours) as well as impurities proﬁle, the lasers of
igher wavelengths radiating at 647.1, 752.5 and 785 nm sufﬁced
n making meaningful measurements. Measurements were largely
ot favourable with the low wavelengths lasers (488.0, 514.5 or
32 nm)  due to ﬂuorescence, sample oxidation and decomposi-
ion of the impurities. Besides, cracks and vaporisation are mostly
bserved on the current samples after exposure to such laser radia-
ion, even at the lower power density needed to have an exploitable
aman signal (a few mW on the sample spot). On the other hand,
ith the high wavelength lasers, no cracks, vaporisation or sample
ecomposition was observed.
.3.2. Laser power and acquisition time
The laser power available in the three spectrometers can be
ound in Table 1. In the case of the portable Raman, the applied laser
ower was either 125 or 250 mW and acquisition times were auto-
atic. In the measurements with Senterra (785 nm), laser powers
f 10 and 25 mW were used for the calcined and uncalcined UOCs,
espectively. When the 532 nm laser was used, the power was
.2 mW.  Similar range was used for T64000 and the laser power
as often increased to obtain good spectra. Integration times were
ypically 10–50 s.2.4. Investigated samples
2.4.1. Industrial samples
Following the mining of uranium ores, uranium is oxidised,
leached, concentrated and puriﬁed. The yellow cakes are eventu-
ally produced by precipitating the pregnant liquor with ammonia,
magnesia, hydrogen peroxide, sodium hydroxide or ammonium
carbonate [22,35]. The products are ammonium diuranate, uranyl
hydroxide, uranyl peroxide, sodium diuranate and ammonium
uranyl carbonate respectively. Calcination of these yellow cakes
is normally carried out to achieve desired product purity by the
removal of volatiles and to obtain a product with higher uranium
concentration [22,36]. Calcination temperature between 700 and
800 ◦C leads to the formation of U3O8 [23,35]. Some industrial
samples obtained from various mining and milling facilities were
investigated in this study. In addition, uranium dioxide powder and
a nuclear fuel pellet were also measured. All powder samples were
made into pellet using a hydraulic press that made handling of the
sample easier and this also reduced the risk of contamination.
The level of impurities found in some of the investigated UOCs
obtained previously by ion chromatography [37] are reﬂected in
Table 2. These levels were determined by extracting 100 mg of sam-
ple with 10 ml  of water. These values are subsequently referred to
in Section 3.2.3.2.4.2. Laboratory sample (synthesis of uranyl peroxide)
Uranyl peroxide was also synthesized in the laboratory by the
addition of hydrogen peroxide to an aqueous solution of uranyl
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Table  2
Level of nitrates and sulphates present in 10 ml  of water extract with 100 mg  of uranium ore concentrate.
Uranium ore concentrates from
following mining/milling
facilities
Composition [Impurities]ppm
[NO3−] [SO42−]
Stanrock Ammonium diuranate 60.3 500
Somair Sodium diuranate 0.022 4.216
North  Span Uranyl hydroxide 377 396
Mobil  Uranyl peroxide 0.04 2.189
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CMary  Kathleen Tri-uranium octa-oxid
he above values are within an uncertainty of 10%.
itrate. The precipitate was ﬁltered, washed and dried at 105 ◦C.
he composition of the material was conﬁrmed by X-ray diffraction.
.5. Characteristic Raman bands of investigated UOC
Table 3 reﬂects the characteristic Raman bands that have previ-
usly been published.
. Results and discussion
.1. Characteristic Raman bands of measured compounds
The Raman spectra of the measured compounds are plotted in
ig. 1. The denoted peaks for each compound is brieﬂy described
nd compared to Table 3 (based on literature values). The symmet-
ic uranyl ion stretch is ubiquitous in the region of 750–900 cm−1
52]. The bands were comparable for uranyl peroxide, sodium diu-
anate, uranium dioxide and tri-uranium octa-oxide.
In the case of UO2 powder, in addition to a narrow band at
45 cm−1 assigned to T2g U–O stretch [14,16,17,20], a broad band
round 597 cm−1 of unknown origin was also observed. The clos-
st peaks that had been reported by other authors were found at
85 cm−1 resulting from a damaged UO2 matrix [41] and a peak
t 615 cm−1 has been reported in the case of uraninite (UO2 ore)
17]. Other peaks around 630–635 cm−1 had been associated with
he oxidation of uranium and uranium dioxide [42]. The bands at
38, 398, 481 and 803 cm−1 associated with U3O8 are very close
o those reported in [20]. The peaks at 243 and 130 cm−1 had also
een observed but they were not assigned [43].
In the case of industrial ADU sample, although there are discrep-
ncies with the reported values for the Raman bands [13], there
ave not been other Raman data on ADU. In the case of industrial
ample of uranyl hydroxide, there were more peaks reported in this
aper.
able 3
haracteristic Raman bands of compounds (literature values).
Composition of UOCs Raman bands (cm−1)
Uranyl peroxide, UO4·2H2O or
synthetic meta-studtite
868, 830, 358, 279 [38]
Uranium dioxide, UO2 1150, 575, 445 [13,14,39]
Tri-uranium octa-oxide, U3O8 810, 487, 412, 351, 185 [13];
1359, 809, 753, 478, 406, 336,
236 [17]; 798, 752, 480, 408,
342, 236 [19]
Ammonium diuranate
(NH4)2U2O7 or
2UO3·NH3·3H2O or ADU
1389, 810, 712, 465 [13]
Sodium diuranate, Na2U2O7 788, 779, 752, 584, 420, 313,
274, 233, 146 [40]
Uranyl hydroxide, UO2(OH)2 or
synthetic schoepite
855/838 [17]; 855/843 [15]1.367 539.12
3.2. Figures of merit
Table 4 reﬂects the tabulation of sensitivity, signal-to-noise and
the detection capabilities of these three Raman spectrometers with
respect to the different types of UOCs and uranium fuel pellet. The
values in the table are reﬂected for the peak with the highest inten-
sity within the spectrum and in most cases, these peaks are due to
the symmetric stretch of uranyl ions. Each ﬁgure of merit is dis-
cussed separately. For better readability, the values of sensitivity
and signal-to-noise ratio are also normalised to the highest val-
ues. In both cases, the highest sensitivity and signal-to-noise ratio
belong to the measurement of sodium diuranate by Senterra. The
comparison of sensitivity among the spectrometers for the different
compounds is also graphically illustrated in Fig. 1.
3.2.1. Sensitivity
The sensitivity of the different Raman spectrometers can be
compared following the analysis performed by Fryling et al. [44]. Let
S be the absolute scattered intensity recorded by the spectrometer.
In order to compare the sensitivity of different spectrometers based
on Raman scattering signal originating from the same sample, S can
be normalised to SN through the following relation:
SN =
S
A × PD × t × f (v, t)
(1)
A is the sample scattering area monitored by the spectrometer
(m2). This corresponds to the image on the sample surface of the
spectrometer’s entrance slit (Table 1). PD is the laser power density
(W cm−2) and t is the acquisition time per spectral unit (s cm−1).
In Eq. (1), parameters typical of the analysed material such as its
differential Raman cross-section (cm2 scattering unit−1 sr−1) and
density on the scattering surface (scattering units cm−2) are sim-
pliﬁed, considering that these quantities are the same for all the
spectrometers for a given compound. Finally, because the present
spectra are recorded using different laser excitation wavelengths,
when comparing the intensity of similar Raman modes measured,
different S values should also be normalised with respect to the
factor f(, T), accounting for the Raman scattering intensity depend-
ence on photon frequency  and absolute temperature T. Factor f
is based on the theoretical determination of the Raman scatter-
ing cross-section and depends also on temperature through boson
statistics [45]. When  is expressed in cm−1, f can be simpliﬁed to
the following form [46].
f (v, T) = (v0 − v)
4
(1 − exp(−(hcv/kT))) (2)
In Eq. (2), 0 is the photon wavenumber (in cm−1) of the exci-
tation laser source,  the observed Raman shift (in cm−1), h the
Planck’s constant, c the speed of light in vacuum and k is Boltz-
mann’s constant.
In all the seven compounds measured, Senterra yielded the
highest sensitivity, followed by the portable Raman and T64000
(Table 4). It is also obvious that for darkly coloured UOCs such
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Fig. 1. Raman spectra of each compound measured by different spectrometers (normalised according to Eq. (1). A: Ammonium diuranate, B: sodium diuranate, C: UO2
powder, D: UO2 pellet, E: U3O8, F: uranyl hydroxide and G: uranyl peroxide.
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as both UO2 and U3O8 powders, the sensitivity of Senterra and
T64000 dropped by 2–3 orders of magnitude and in the case of
portable Raman, these compounds are not even measurable. As for
the UO2 fuel pellet, the sensitivity is better for Senterra and T64000
and it is also measurable by the portable Raman with reasonably
good sensitivity. It is interesting to note that the portable Raman
produced a very good UO2 spectrum of the fuel pellet in contrast
to the inability to measure the powder form. This is due to the
higher sensitivity of the portable device to the macroscopic sur-
face optical properties (reﬂectivity, absorptivity) of the sample (on
a spot of approximately 1 mm in diameter). In the powder form,
the already low reﬂectivity of uranium dioxide (about 15% in the
visible-NIR range) [47] is reduced even more, resulting in a very
faint back-scattered light intensity. In contrast, the T64000 and the
Senterra facilities are equipped with microscopes through which
micro-Raman spectra can be measured. In these latter cases, only
the roughness of the sample surface on a micrometric scale matters.
This is the main reason why  poorly reﬂecting dark powder samples
like UO2 and U3O8 can be measured with micro-Raman spectrome-
ters and hardly at all with devices operating on macroscopic spots.
The same observation applies as well to U3O8 powder. Differences
between the Raman spectra of oxides and that of the uncalcined
yellow cakes have a similar explanation. Peaks are poorly deﬁned
in oxides owing to their dark or almost black colour. Preferential
absorption of laser energy occurs as a result when compared to
scattering/reﬂection.
3.2.2. Signal-to-noise ratio
The signal-to-noise ratio is determined by taking the same nor-
malised signal from equation 1 (reported in Section 3.2.1) and
dividing the value by the noise level. The noise level is determined
by ﬁrst smoothing the spectra by averaging over 100 points around
each experimental datum, then by taking the difference between
the smoothed and original curve. The noise level is then deﬁned
as the amplitude of a 2-standard-deviation (95% conﬁdence) band
of the points obtained by subtracting the smoothed curve from
the original one. The noise amplitude is determined, following this
procedure, in the vicinity of each Raman line investigated here.
Referring to Table 4, T64000 has reasonably good signal-to-noise
ratio (the best among the three spectrometers for the measurement
of ammonium diuranate) due to the low level of noise in the spectra.
Although there are exceptions, by taking into account the noise
level, this has drastically improved the ﬁgure of merit for signal-
to-noise ratio compared to that for sensitivity.
3.2.3. Detection capability (of impurities and less characteristic
bands)
Both Senterra and T64000 are capable of analysing the differ-
ent types of yellow cakes as well as UO2 pellet. On the other hand,
portable Raman can measure most of the compounds with good
sensitivity except for both UO2 and U3O8 powder. What is notewor-
thy here is the fact that impurities that are introduced during the
production of yellow cake (milling process) can also be observed by
Raman scattering. The presence of impurities such as nitrates, sul-
phates and carbonates can provide clues to the production history
of yellow cakes thus critical for the application of nuclear forensics
[8]. As seen in Fig. 1A (ammonium diuranate) and Fig. 1F (uranyl
hydroxide), small peaks can be observed above 1000 cm−1. Nitrates
and sulphates are very common impurities owing to the industrial
use of nitric acid and sulphuric acid. Sulphuric acid is the preferred
acid for leaching of the uranium ores while nitrate solutions can be
used as an eluent on ion-exchange resins. The appearance of these
peaks corresponds to the level of nitrates and sulphates reﬂected
in Table 2.
It is also noted from Table 2 that the sample from Mary Kath-
leen (U3O8) shows high content of sulphates which is comparable
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ynthesized.
o the level present in ADU from Stanrock facility. However, the
mpurities in the U3O8 sample were not detected by any of the spec-
rometers (Fig. 1E). The sulphate peak, if present should appear at ca
009 cm−1 [8]. This certainly suggests that the optical properties of
he sample largely inﬂuence the quality of the spectra. Therefore,
ther techniques should be used if the impurities content of the
ranium oxides are of interest. Alternatively, analysis of particles
ather than the bulk material could help to single out the impurities
part from the uranium in such sample composition. The coupling
f Raman–SEM have already been applied to particles analysis of
imilar set of pure uranium compounds [48].
It is worth highlighting that certain vibrational bands such as
itrogen–hydrogen (N–H) and oxygen–hydrogen (O–H) present
n ammonium diuranate and uranyl peroxide/uranyl hydroxide
espectively are not observed by all the three spectrometers. These
ibrations were detected by Infrared spectroscopy [49]. Fig. 2
epicts the comparison between industrial and laboratory syn-
hesized uranyl peroxide (Section 2.4.2). As seen in Table 2, the
mpurities associated with the yellow cake originating from Mobil
acility are extremely low. Consequently, no peaks were observed
bove the region of 1000 cm−1 in any of the spectra (Fig. 2A).
ith the chemical formula of UO4·xH2O, one might also expect to
bserve O–H vibrational bands in the region of 1600 cm−1 (bending
odes of water) and above 3000 cm−1 (stretching mode of water).
owever, there were no peaks in the region of 1600 cm−1 observed
or the above sample, not even with the higher frequency laser
t 532 nm which only resulted in ﬂuorescence (the background
s intentionally left untouched). Nonetheless, it was still possible
o observe bending modes of the water molecule when the low
esolution mode of Senterra was selected (spectrum is not shown
ere).
This was not the case for the laboratory synthesized uranyl per-
xide (Fig. 2B). Measurements could be carried out with the 532 nm
aser unlike the industrial sample that had somewhat higher back-
round due to ﬂuorescence. Both bending and stretching modes
f water could thus be observed whereas the stretching mode iss spectrometers. A: Industrially produced (USA Mobil facility) and B: laboratory
not observed with the 785 nm laser. It appears that the higher
stretching modes are only observable with higher excitation ener-
gies. In the case of 647.1 nm,  the spectral acquisition had to be
stopped at 2500 cm−1 due to the hindrance by parasite lines at
higher wavenumbers.
Hence, we can deduce that the N–H bands might be observable
if the green laser (532 nm)  combined with low resolution could be
used on ADU samples without any hindrance from the ﬂuorescence.
The vibrations of N–H bonds are known to be Raman active. As an
intermediate energy between the red (785 nm) and green (532 nm)
laser, the laser at 647.1 nm available with T64000 offers a possibility
to observe N–H bands provided the parasite lines are removed.
By comparing the Raman spectra of an industrial sample of
uranyl peroxide versus one that has been synthesized in the lab-
oratory, we  can postulate that the presence of impurities in the
former material contributes to the observation of ﬂuorescence
which impedes the use of higher frequency laser. Without such
ﬂuorescence, using a high frequency excitation source would yield
higher intensities thus better sensitivity and permit the observation
of more peaks (e.g.: the stretching and bending modes of water)
[38]. Although these bands are less characteristic than the main
uranyl ion band, their observation will nevertheless elevate the
conﬁdence in identiﬁcation of the material during nuclear forensics
investigations. It is also pertinent to note that the above observa-
tions deriving from the use of different lasers are also attributed to
the fact that the response of multichannel detectors fall drastically
with the use of longer wavelength lasers [50].
3.3. Acquisition time
There are in general differences in the manner that a spectrum
is being obtained in each instrument. In the portable device, the
automatic mode is always selected and very rapid analysis (down
to milliseconds) is achievable for compounds with high molecular
signals and low ﬂuorescence background. In the case of Senterra,
integration time in the span of seconds is frequently sufﬁcient and
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herefore, a spectrum can be readily acquired within a minute or
wo. Due to its higher spectral resolution, T64000 collects the sig-
al in a slightly different way, that is, the spectrum is obtained
n successive spectral windows. Consequently, much longer time
typically 10 min  or more) is required to obtain a spectrum at sim-
lar wavelength range.
.4. Advantages and disadvantages of each spectrometer in view
f nuclear forensic applications
Each of the spectrometer has its merits and limitations. The
erits should be best utilized and the shortfalls should be com-
lemented or replaced by other methods. The hand-held Raman
s extremely attractive as it can be readily deployed in the
eld. Besides, it has shown great potential in measuring certain
ompositions of yellow cakes (mainly uncalcined) and UO2 pel-
ets. Spectra of compounds could be stored beforehand in the
atabase and can be extremely useful in the event of identify-
ng unknown substances. This spectrometer is also much easier to
perate and requires no special skill. The shorter spectral range
250–2875 cm−1) and single frequency laser (785 nm)  may  be
imiting but remains less critical than the inability to measure UO2
nd U3O8 powders. Referring to Fig. 2A, peaks at low wavenum-
ers such as 189 and 154 cm−1 were not observed by the portable
aman but the peaks at 868 cm−1 (O–O stretch) and 830 cm−1 do
rovide unambiguous identiﬁcation as uranyl peroxide.
A table-top device like Senterra has demonstrated excellent sen-
itivity in this study and it is certainly an excellent instrument to
e equipped with for nuclear forensic investigations. However, it is
ot portable but certainly transportable if necessary. The availabil-
ty of two frequency wavelengths may  be an added advantage but
s not particularly useful as the higher frequency laser of 532 nm
an hardly be employed for the measurement of yellow cakes due
o ﬂuorescence.
T64000 has the best spectral resolution among the three spec-
rometers, albeit a ﬁgure of merit less appreciated for nuclear
orensics. The instrument is not designed for transportation.
lthough sensitivity is the lowest, due to the large focal distance
nd the complex optical path between sample and detector, the
oise level is also the lowest and its ﬂexibility in terms of the
vailability of lasers at several wavelengths, is a deﬁnite advan-
age. Especially the excitation source at 647.1 nm can be employed
s a useful compromise between low-energy (inducing no ﬂuores-
ence but resulting in a poorer scattered intensity) and high-energy
hotons (risk of ﬂuorescence but larger scattered intensity). The
igher spectral resolution can be exploited for a ﬁner identiﬁcation
f peaks hardly measurable with the other spectrometers.
. Conclusion
The present investigation provides an overview of the perfor-
ance of three different Raman spectrometers employed for the
easurement of some materials of interest in nuclear forensics,
n particular yellow cakes with differing compositions. Each spec-
rometer has its own merits and limitations. The portable Raman
as the best output in terms of providing excellent sensitivity
ithin the shortest amount of time, although at the expense of
pectral resolution. However, the measurements should be limited
o uncalcined UOCs and uranium dioxide nuclear fuel pellets with
 surface sufﬁciently reﬂecting. Raman spectra of dark coloured
owders like UO2 and U3O8 could not be recorded in the present
ork with this type of instrument. This highlights the importance of
ptical properties of the sample surface in inﬂuencing the quality of
aman spectra. The hand-held instrument offers the advantageous
eature allowing one to compare spectra of measured samples to
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library spectra stored in the memory of the device. The comparison
enables to identify the chemical compound or more precisely in
case of the sample set investigated in the present paper, to identify
the type of UOC. This is particularly useful for in-ﬁeld applications
as encountered, e.g. in nuclear safeguards. However, the accuracy of
the matching algorithm (for comparing measured samples against
spectra stored in the library) in this device should be further opti-
mized. The observations shall be reported in a separate paper [51].
The device could also serve for nuclear safeguards applications
when compound identiﬁcation is required to verify consistency of
declared operation, with actual sample properties. As we  have seen,
Senterra provides very quick measurements of the UOCs (785 nm)
with reasonably good sensitivity for all the samples. We  have also
noted the absence of N–H and O–H stretching modes with this
laser while the higher frequency laser at 532 nm was too energetic
for the industrial samples due to sample degradation and ﬂuores-
cence. While T64000 has the poorest sensitivity, it also has the best
spectral resolution among the three spectrometers. Although the
latter is a feature less appreciated in the context of this paper, it
can be useful for the ﬁner identiﬁcation of Raman modes difﬁcult
to observe with the other spectrometers. The red laser at 752.5 nm
does not provide sufﬁcient sensitivity and acquisition times are also
long. However, the availability of a different laser frequency, that is
647.1 nm (not available with the other two  spectrometers), could
potentially be useful to pick up very low content of impurities and
possibly additional vibrational modes relating to the UOCs such as
O–H and N–H bands.
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